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Abstract 

 

 In this work, the vibrational spectral analysis was carried out by using FT–Raman and 

FT–IR spectroscopy in the range 4000–50 cm-1 and 4000–450 cm-1 respectively for 4-(6-

methoxynaphthalen-2-yl) butan-2-one (abbreviated as 4MNBO) molecule. Theoretical 

calculations were performed by Density Functional Theory (DFT/B3LYP) method using 6–

311G(d,p) and 6–311++G(d,p) basis sets. The difference between the observed and calculated 

wavenumber value of most of the fundamentals were very small. The complete vibrational 

assignments of wavenumbers were made on the basis of potential energy distribution (PED). The 

UV–Vis spectrum was recorded in the methanol solution. The energy, wavelength and 

oscillator’s strength were calculated by Time Dependent Density Functional Theory (TD–DFT) 

and matched to the experimental findings. The intramolecular contacts have been interpreted 

using Natural Bond Orbital (NBO) and Natural Localized Molecular Orbital (NLMO) analysis. 

Thermodynamic properties of 4MNBO at different temperature have been calculated. The 

molecular electrostatic potential surface (MESP) and Frontier molecular orbital’s (FMO’s) 

analysis were investigated using theoretical calculations. 

 

Keywords: 4MNBO, FT–IR, FT–Raman, NBO, MESP. 
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1. Introduction 

4MNBO, a nonsteroidal anti-inflammatory drug (NSAID) of the arylalkanoic acid family 

(which includes diclofenac). It contains a naphthalene moiety, which consists of two fused 

benzene rings. It is widely used for the treatment of pain, osteoarthritis, rheumatoid arthritis, 

fever, swelling, inflammation and platelet aggregation. The 4MNBO and its derivatives were 

studied by several authors. Basha et al, studied High Performance Liquid chromatography 

(HPLC) with UV detection [1], fluorometric detection [2], Liquid Chromatography Mass 

Spectrometry (LC–MS) [3], gas chromatographic [4], High Performance Thin Layer 

Chromatographic (HPTLC) [5], colorimetric [6], liquid chromatographic [7] and High 

Performance Liquid Chromatographic (HPLC) [8]. Some reports could be found in the scientific 

literature for the spectrophotometric determination of 4MNBO in pharmaceutical preparations. 

The analytical techniques include micellar electrokinetic chromatographic [9], electro analytical 

methods [10] and flow injection analysis [11]. Few phosphorimetric methods were carried out 

for the evaluation of 4MNBO in pharmaceuticals [12] in addition to some electochemical 

techniques such as cyclic, differential pulse and square wave voltammetric techniques [13].  

Literature survey reveals that to the best of our knowledge, DFT frequency calculations 

of the title compound 4MNBO have not been reported so far. In our present investigations, the 

FT–IR and FT–Raman vibrational wavenumbers were observed and the wavenumbers were 

theoretically calculated by using quantum chemical calculations. It must be mentioned that this 

was the first time that a detailed theoretical analysis was carried out on the spectroscopic 

properties of 4MNBO. Density functional theory (B3LYP/6–311G(d,p) and B3LYP/6–

311++G(d,p)) calculations have been performed to support our wavenumber assignments. The 

Natural Bond Orbital (NBO) and Natural Localized Molecular Orbital (NLMO) analysis which 

explains the most important orbital interactions in order to classify general structure features. 

The Natural charge analysis, wavelength, oscillator strength and energy have also been 

calculated. The electronic properties, highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energies of the compound were computed. A visual 

representation of the chemically active sites and comparative reactivity of atoms have been 

obtained by mapping electron density isosurface with electrostatic potential. The temperature 

dependence of thermodynamic properties was analyzed. 
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2. Experimental   

 The powder form of 4MNBO was procured from leading pharmaceutical company Sigma 

Aldrich in Chennai and used as such without further purification. The FT–IR spectrum of 

powder 4MNBO was recorded in the range 4000–450 cm-1 on Bruker IFS 66V spectrometer 

using KBr pellet technique with 4.0 cm-1 resolution. The FT–Raman spectrum recorded using 

1064(nm) line of Nd:YAG laser as excitation wavelength in the 4000–50 cm-1 region on Bruker 

IFS 66V spectrometer with FRA 106 Raman module which was used as an accessory. The UV- 

Visible spectral measurements were carried out in methanol solution using a Varian Cary 5E 

UV–NIR spectrometer. The spectral measurements were carried out at Sophisticated Analysis 

Instrumentation Facility (SAIF), IIT Madras–India. 

3. Computational details 

The entire quantum chemical calculations were performed at DFT/B3LYP level with      

6–311G(d,p) and 6–311++G(d,p) basis sets to predict the molecular structure and vibrational 

wavenumbers using the Gaussian 09 W program [14]. The B3LYP represents Becke’s three 

parameter hybrid functional method [15] with Lee–Yang–Parr’s correlation functional (LYP) 

[16]. The assignments of the calculated wavenumbers were aided by GAUSSVIEW 5.0 program, 

which gives a visual presentation of the vibrational modes [17]. The potential energy distribution 

(PED) was calculated with the help of VEDA 4 program package [18]. The Natural bond orbital 

(NBO) and Natural Localized Molecular Orbital (NLMO) analysis calculations were performed. 

The absorption wavelengths, energies and oscillator strengths were calculated using B3LYP 

method of the TD–DFT, based on the optimized structure in solution and gas phase. Moreover, 

the changes in the thermodynamic functions (the heat capacity, entropy, and enthalpy) were 

investigated for the different temperatures from the vibrational frequency calculations of the title 

molecule. Additionally, HOMO, LUMO energy values and energy gap for 4MNBO were 

calculated by using B3LYP method with 6–311G(d,p) and 6–311++G(d,p) basis sets. 

Furthermore, molecular electrostatic potential (MESP) were plotted in 3D by using optimized 

structures at B3LYP with 6–311++G(d,p) basis set.  
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4.0 Result and discussion  

4.1 Molecular geometry 

The optimized geometry of 4MNBO was shown in Fig. 1 and the corresponding 

structural parameters of bond length and bond angle values were shown in Table 1. The 

optimized structural parameters of 4MNBO were determined at the DFT/B3LYP and 6–

311G(d,p) and 6–311++G(d,p) basis sets. From the theoretical values, it was found that some of 

the calculated parameters were slightly deviated from the experimental values, due to fact that 

the theoretical calculations belong to molecule in the gaseous phase and the experimental results 

belong to molecule in the solid state. The experimental data on the geometrical structure of the 

related molecule was compared with the theoretical values [19]. The bond length of C12–C13 for 

B3LYP method with 6–311G(d,p) basis set  was 1.4173Å but B3LYP with 6–311++G(d,p) basis 

set 1.4171Å   which was closer to the experimental data (1.4162Å). The` average bond distances 

of C–C in the benzene ring calculated by B3LYP method with 6–311++G(d,p) basis set  was 

1.4043Å. The bond lengths of C–C bond changes in value, which was due to the substitutions on 

the benzene ring in the place of hydrogen atom. The optimized C14–C15 bond length were 

calculated 1.4149Å by B3LYP with 6–311++G(d,p)  and 1.4146Å by B3LYP with 6–311G(d,p) 

basis set. By comparing those values with the experimental value of 1.1461Å, it was observed 

that B3LYP/6–311++G(d,p)  estimate the C14–C15 bond length better than B3LYP/6–311G(d,p) 

method. The optimized C1–C2 bond length were 1.5188 and 1.5177Å for B3LYP method with 6–

311G(d,p) and 6–311++G(d,p)  basis sets respectively. The observed C2–O5, C12–O16 and O16–

C17 bond length values were found to be 1.2030, 1.3611 and 1.4190Å and the calculated bond 

length values were 1.2121, 1.3675 and 1.4209Å by B3LYP method using 6–311++G(d,p) basis 

set.  

Furthermore, C1–C2–C3 bond angle in the structure were observed at 116.2500˚ this angle 

value were calculated at 116.2757˚ by B3LYP with 6–311++G (d,p) basis set. The experimental 

C1–C2–O5, C6–C15–C10 and C3–C2–O5 bond angles were found at 121.5300, 119.3600 and 

122.2100˚ and these angles were calculated at 121.5908, 119.2898 and 122.1326˚ by B3LYP 

with 6–311++G (d,p) basis set. 
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4.2 Vibrational analysis 

 

The title molecule 4MNBO has C1 point group symmetry and has 33 atoms, which 

possess 93 normal modes of vibrations. The harmonic-vibrational frequencies were calculated 

and compared with the experimental frequencies. It was given in Table 2. The experimental and 

simulated FT–IR and FT–Raman spectra were shown in Figs. 2 and 3, respectively. The 

calculated wavenumbers were slightly higher than the observed values for the majority of the 

normal modes. Two factors may be responsible for the discrepancy between the experimental 

and computed spectra of this compound. The first reason was due to the environment and the 

second reason was due to the fact that the experimental value is an anharmonic wavenumber 

while the calculated value was a harmonic wavenumber. The observed slight disagreement 

between theory and experimental could be noted that the calculations were made for a free 

molecule in vacuum, while experiments were performed for solid samples. Furthermore, the 

anharmonicity was neglected in the real system for the calculated vibrations. Therefore, it was 

customary to scale down the calculated harmonic wavenumber in order to improve the 

agreement with the experimental values. After applying a uniform scaling factor, the theoretical 

calculation reproduces the experimental data well. The harmonic frequencies were calculated by 

B3LYP method using 6–311G(d,p) and 6–311++G(d,p) basis sets and then scaled by 0.9655 and 

0.9650 respectively. The experimentally observed and theoretically calculated harmonic 

vibrational frequencies and their correlations were gathered in Table 2. The vibrational bands 

assignments were made by using the PED analysis and the animation option of Gauss View 5.0 

graphical interface for Gaussian. The maximum number of values determined by B3LYP/6–

311++G(d,p) method was in fairly agreement with the experimental values and was also 

confirmed by the scale factors used to get the scaled frequencies.  

 

C–H Vibrations  

The aromatic compounds absorb in the region 3100–3000 cm-1 due to ring C–H 

stretching vibrations [20-21]. In our present work, the bands were observed at 3096 and 3079 

cm-1 in FT–Raman and 3057 cm-1 in FT–IR were assigned to the C–H stretching vibrations of the 

title compound. 
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 The calculated scaled frequency at 3091, 3072, 3061 and 3091, 3071, 3060 cm-1 by 

B3LYP method with 6–311G(d,p) and 6–311++G(d,p) basis sets respectively were presented in 

Table 2. The C–H in-plane bending vibrations occur in the region 1475–1450 cm-1. The band 

observed at 1466 and 1452 cm-1 in FT–IR and 1457 cm-1 in FT–Raman were assigned to C–H in-

plane bending vibrations. The calculated scaled wavenumber values of the mentioned mode were 

found at 1467, 1453 and 1463, 1452 cm-1 by B3LYP method with 6–311G(d,p) and 6–

311++G(d,p) basis sets respectively were presented in Table 2. The C–H torsion vibrations were 

observed at 1262, 932, 894, 844 and 694 cm-1 in FT–IR and 1271, 894, 865, 832 and 695 cm-1 in 

FT–Raman. The theoretically calculated scaled values were 1269, 939, 907, 873, 849, 714 and 

1269, 941, 909 870, 849, 714 cm-1 by B3LYP level with 6–311G(d,p) and 6–311++G(d,p) basis 

sets respectively. These scaled wavenumbers were in fairly agreement with the experimental 

values.  

CH2 and CH3 Vibrations 

Methylene group stretching vibrations occur in the region near 2926 cm-1. The position of 

these bands does not vary more than ±10 cm-1 in the aliphatic and nonstrained cyclic 

hydrocarbons [22]. The frequency of the methylene stretching is increased when the methylene 

group is part of a strained ring.  The present case CH2 stretching vibrations have been observed at 

2936 cm-1 in FT–IR and 2932 cm-1 in FT–Raman were assigned to CH2 stretching vibrations. 

The calculated wavenumbers of this mode was 2940 and 2938 cm-1 in B3LYP level with 6–

311G(d,p) and 6–311++G(d,p) basis sets respectively were presented in Table 2. The C–H 

stretching in CH3 occurs at lower frequencies than those of aromatic ring. For CH3 compound the 

mode appear in the region 2962–2872 cm-1[23, 24]. In the present work, the FT–IR bands 

observed at 2896 cm-1 and the FT–Raman bands observed at 2895 cm-1 have been assigned to 

CH3 stretching vibrations. The theoretically calculated scaled values were 2895 and 2898 cm-1 by 

B3LYP method with 6–311G(d,p) and 6–311++G(d,p) basis sets respectively were presented in 

Table 2. 
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C═O and C–O Vibrations  

Generally the C═O occur in the region 1720–1700 cm-1 [25]. In the present study, the 

very strong bands observed at 1705 cm-1 in FT–IR and a very weak band obtained at 1704 cm-1 

in FT–Raman were assigned to C═O stretching vibrations. The theoretically calculated scaled 

values by B3LYP method 6–311G(d,p) and 6-311++G(d,p) basis sets at 1722 and 1718 cm-1 

were  assigned to C═O stretching vibration in fairly agreement with the experimental FT–IR and 

FT–Raman spectra. The C–O stretching vibrations are appearing in the range of 1300–1000 cm-

1[24]. In the FT–IR spectrum, the very strong band observed at 1027 cm-1 was assigned to C–O 

stretching vibrations. The corresponding very weak Raman pecks was observed at 1029 cm-1 

respectively. The theoretical scaled wavenumbers of C–O stretching vibrations were at 1030, 

1028 and 1026, 1028 cm−1 by B3LYP methods with 6–311G(d,p) and 6–311++G(d,p) basis sets 

respectively. The C–O in-plane bending vibrations were found at 574 and 507 cm-1 in FT–IR and 

576, 508, 362, 274 and 182 cm-1 in FT–Raman for 4MNBO. The calculated bands found at 564, 

506, 358, 276 and 181 cm-1 in B3LYP/6–311G(d,p) and 561, 505, 357, 276 and 180 cm-1 in 

B3LYP/6–311++G(d,p) methods respectively. In the FT-IR spectrum, the weak band observed at 

564 cm-1 was assigned to C–O out-of-plane bending vibration. The corresponding very weak 

Raman pecks were observed at 433 and 207 cm-1 respectively. The C–O torsion vibration was 

found at 103 cm-1 in FT–Raman spectrum. 

C═C and C–C Vibrations 

 

The C═C aromatic stretching vibrations give rise to characteristic bonds in both the 

observed FT–IR and FT–Raman spectra, covering the spectral region ranging from 1650–1430 

cm-1 [26]. In our study the C═C stretching vibrations of the present compound observed at 1610 

cm-1 in FT–IR and 1575 cm-1 in FT–Raman were assigned to C═C stretching vibrations 

respectively. The calculated scaled values were 1617, 1593 and 1614, 1589 cm-1 by B3LYP 

methods with 6–311G(d,p) and 6–311++G(d,p)  basis sets respectively. The ring C–C stretching 

vibrations normally occur in the region 1590–1430 cm-1 [27]. The present case C–C stretching 

vibrations have been observed at 1484 cm-1 in FT–IR and the band observed at 1485 cm-1 in FT–

Raman were due to C–C stretching vibrations. These vibrations were identified with the PED 

values.  
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The calculated wavenumbers at 1488 and 1485 cm-1 by B3LYP methods with 6–

311G(d,p) and 6–311++G(d,p)  basis sets respectively. The C–C stretching vibrations predicted 

by B3LYP with 6–311++G(d,p)  basis set value was in fairly agreement with the experimental 

values as presented in Table 2. The bands were observed at 798, 736, 660, 610, and 525 cm-1 in 

FT–IR and 795, 613, 525,429, 401, 274 and 103 cm-1 in FT–Raman have been assigned to C–C 

in plane bending vibrations. The C–C out-of-plane bending vibrations were found at 564 and 472 

cm-1 in FT–IR. The C–C torsion vibrations were observed at 947 and 472 cm-1 in FT–IR and 429, 

390, 229 and 207 cm-1 in FT–Raman.  

 

4.3 NBO and NLMO analysis 

 

The Natural bond orbital (NBO) calculations were performed at B3LYP level using 

Gaussian 09 W program package. A useful feature of the NBO method is that it gives 

information about interactions in filled and virtual orbital spaces that could improve the analysis 

of intra and intermolecular interactions [28, 29]. NBO analysis provides the most accurate 

possible ‘Natural Lewis Structure’ picture of ‘j’ because all orbital details are mathematically 

chosen to include the highest possible percentage of the electron density. The second-order Fock-

matrix was carried out to evaluate the donor-acceptor interactions in the NBO analysis. The 

interactions result is a loss of occupancy from the localized NBO of them idealized Lewis 

structure into an empty non-Lewis orbital. For each donor (i) and acceptor (j) the stabilization 

energy E(2)
 associated with the delocalization i→j is determined as 

��2� = ∆��	 = 
�
F���,	�

ε	 − ε�

 

qi is the donor orbital occupancy, ��, �� the diagonal elements, and F(ij) is the off diagonal 

NBO Fock matrix element. Furthermore, the more donating tndency from electron donors to 

electron acceptors is the main requirement for the greater conjugation in the investigated system. 

Delocalization of electron density between occupied Lewis-type (bonding or lone pair) NBO’s 

and formally unoccupied (antibonding or Rydberg) non-Lewis NBO’s correspond to a stabilizing 

donor–acceptor interaction. The important interactions between ‘filled’ (donors) Lewis-type 

NBOs and ‘empty’ (acceptors) Non-Lewis NBOs according to second order perturbation energy 

values, E(2) of 4MNBO were given in Table S1(Supplementary material).  
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The strong intramolecular hyperconjugative interaction of the σ and π electrons of C–C to 

anti C–C bond of the ring leads to stabilization of some part of the ring as evident from Table 

S1(Supplementary material). For example, the most important highest energy, related to the 

molecule was electron donating from π*(C10–C15) to the antibonding acceptor π*(C6–C7) with 

stabilization energy 256.22 KJ/mol. In addition, the intra-molecular hyperconjugative interaction 

LP(2) O16→ π*(C11–C12) and π(C10–C15) → π*(C13–C14)   leading to stabilization of  25.06 and 

19.36 kJ/mol.  

 

The Natural Localized Molecular Orbital (NLMO) analysis was carried out since they 

show how bonding in a molecule was composed from orbitals localized on different atoms. The 

derivation of NLMOs from NBOs gives direct insight into the nature of the localized molecular 

orbital’s ‘‘delocalization tails’’ [30, 31]. Table S2 (Supplementary material) shows the 

significant NLMO’s occupancy, percentage from parent NBO and atomic hybrid contributions of 

4MNBO calculated at B3LYP level using 6–311++G(d,p) basis set. The most delocalized 

NLMO shown in Table S2 (Supplementary material) has only 76.43% contribution from the 

localized π(C10–C15) parent NBO. The delocalization tail (22%) consists of the hybrids of C14, 

C11, C9, C13, C8, C7 and C6. Similarly, the NLMO due to π(C11–C12) parent NBO was (16%) 

delocalization tail. The NLMO of second lone pairs of oxygen atom O16 was the delocalized 

NLMO and has nearly 93% contribution from the LP(2)O16  parent NBO and the delocalized tail 

(4%) consist of the hybrids of C12 and C11. Similarly, the NLMO of LP (2) O5 have almost (~4%) 

delocalization tail. This delocalization can also be observed in the perturbation theory energy 

analysis given in Table S2 (Supplementary material). 

 

4.4 The Natural charge analysis 

 

             The Natural atomic charges of 4MNBO obtained by Natural bond orbital analysis by 

B3LYP method with 6–311++G(d,p) basis set were listed in Table 3. The natural charges were 

shown in Fig. 4. It is an important role in the application of quantum chemical calculation to 

molecular system because of atomic charges effect dipole moment, molecular polarizability, 

electronic structure and other molecular properties of molecular systems [32].  
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The natural charge analysis of 4MNBO shows that presence of oxygen atoms were 

negative charge (O5 = - 0.53850; O16 = - 0.53440). The maximum positive atomic charge was 

obtained for C2 atom when compared with all other atoms, due to the attachment of negatively 

charged oxygen atom. The carbon atom(C1) have more negative charges whereas all the 

hydrogen atoms have positive charges. For the hydrogen atoms, the differences in calculated 

charge were relatively smaller. It was worth mentioning that the biggest value of charge was 

noticed for H18 atom. 

  

4.5 UV–Vis spectral analysis 

 

On the basis of a fully optimized ground-state structure, TD–B3LYP/6–311++G(d,p) 

have been used to determine the low-lying excited states of 4MNBO. The UV–Vis spectra 

analyses of 4MNBO have been investigated in water, methanol and gas phase by theoretical 

calculation. The experimental spectrum of the title compound in methanol was recorded with in 

the 200–400 nm range and shown in Fig. 5. The computed result shows that the Highest 

Occupied Molecular Orbital to Lowest Unoccupied Molecular Orbital transition corresponds to 

the λmax absorption band in the UV–Vis spectrum [33, 34]. The calculated results involving the 

vertical excitation energy (E), oscillator strength (f) and wavelength (λ) were compared with the 

experimental wavelength as given in Table 4. As it can be seen from Fig. 5, experimental 

spectrum of 4MNBO shows three bands at 261.00, 270.40 and 318.80 nm. From the TD–DFT 

calculation, the most significant theoretical absorption bands were predicted at 279.21, 281.11 

and 317.51 nm in methanol solution. The TD–DFT calculation predicts one electronic transition 

at 317.51 nm with an oscillator strength f = 0.0705, in fairly agreement with the experimentally 

measured narrow shoulder at 318.80 nm in methanol solution. This electronic absorption 

corresponds to the transition from the ground to the first excited state and was mainly described 

by one electron excitation from the HOMO → LUMO. 

 

4.6 Frontier molecular orbital’s 

Chemical reactivity of a molecule can be determined from the HOMO–LUMO energy 

gap. HOMO–LUMO energy gap plays a very important role in determining the chemical 

reactivity, stability of the molecule [35].  
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The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) were the most important orbitals in a molecule which was shown in Fig. 6 and 

listed in Table 5. The LUMO as an electron acceptor represent the ability to obtain an electron. 

The HOMO represents the ability to donate an electron [36, 37]. The HOMO–LUMO separation 

was a result of significant degree of intermolecular charge transfer from the electron donor 

groups to the electron acceptor groups through π conjugated paths. The energy gap between 

HOMO and LUMO has been also used to prove the bioactivity from intramolecular charge 

transfer (ICT). The positive and negative phases were represented in light blue and yellow color 

respectively. The HOMO–LUMO energy gap of 4MNBO was calculated at B3LYP level with 6–

311G(d,p)  and 6–311++G(d,p)  basis sets as given below: 

 

HOMO–LUMO energy gap B3LYP/6–311G(d,p) =  4.4091 eV. 

HOMO–LUMO energy gap B3LYP/6–311++G(d,p) = 4.3827 eV. 

 

We focus on the HOMO and LUMO energies in order to determine interesting 

molecular/atomic properties and chemical quantities [38]. In simple molecular orbital theory 

approaches, the HOMO energy was related to the Ionization potential (I) and the LUMO energy 

was used to estimate the electron affinity (A) respectively by the following relations: 

I = - EHOMO and A = - ELUMO. 

The absolute hardness of the molecule was (η) = (I-A)/2. 

The softness was the inverse of the hardness (S) = 1/η. 

The chemical potential of the molecule was (µ) = - (I +A)/2. 

The electrophilicity index of the molecule was (ω) = µ2/2η. 

The electronegativity of the molecule was (χ) = (I+A)/2. 
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The values of ionization potential, electron affinity, global hardness, global softness, 

chemical potential, electrophilicity and electro negativity were -5.6200, -1.2109, 2.2045,             

-0.4536, 3.4154, -2.6457, -3.4154 and -5.7297, -1.3470, -2.1913, -0.4563, 3.5383, 2.8566,           

-3.5383 eV respectively in gas phase, calculated at B3LYP level with 6–311G(d,p)  and            

6–311++G(d,p)  basis sets respectively for the title molecule. A large HOMO–LUMO energy 

gap implies high stability. High stability of a molecule reflects its low reactivity toward chemical 

reactions in some sense. Considering the chemical hardness and large HOMO–LUMO energy 

gap means a hard molecule and small HOMO–LUMO energy gap means a soft molecule. We 

can assume that the stability of the molecule to softness with least HOMO–LUMO energy gap. 

In addition, a soft molecule has an easily changed electron distribution so it is correspond to 

more reactive site than hard molecules. Both HOMO and LUMO were mostly localized on 

benzene rings. The energy gap was found to be 4.3827 eV, which implies that the title molecule 

has high kinetic susceptibility and low chemical reactivity. The principle of hardness works in 

chemistry and physics but it was not physically observable. Soft systems were large and highly 

polarizable, while hard systems were relatively small and much less polarizable. 

 

4.7  Molecular electrostatic potential 

 

The molecular electrostatic potential (MESP) surface of the molecule under investigation 

were constructed by using B3LYP/6–311++G(d,p) method using Gauss view 5.0 program. The 

MESP surface provides a visual method to understand the relative polarity of a molecule. The 

MESP surface was plotted for molecule as shown in Fig. 7. MESP surface of a molecule was the 

net electrostatic effect produced by the total charge distribution (electrons and nuclei). MESP 

surface depicts not only the site for reactivity but also the size, shape and charge distribution of a 

molecule [39, 40]. The different values of the electrostatic potential at the surface were 

represented by different colors. The negative (red) regions were related to electrophilic reactivity 

and the positive (blue) ones to nucleophilic reactivity. The color scheme for the MESP surface 

were as follows: red for electron rich, partially negative charge; blue for electron deficient, 

partially positive charge; light blue for slightly electron deficient region; yellow for slightly 

electron rich region; green for neutral; respectively.  
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The color code of this surface was between in the range of 0.0393 a.u. (deepest blue) and 

- 0.0762 a.u. (deepest red) for the compound, where blue indicates the strongest attraction and 

red indicates the strongest repulsion [41, 42]. The MESP surface, the negative electrostatic 

potentials were shown in red color and the intensity of which was proportional to the absolute 

value of the potential energy and positive electrostatic potentials were shown in blue color. The 

calculated MESP map show the negative regions were electrophilic regions; these were mainly 

over the carbonyl groups.  The positive regions were the nucleophilic region and these were over 

the hydrogen atoms of the title molecule. From these results, one can conclude that the H atoms 

indicate the strongest attraction and O atoms indicate the strongest repulsion. 

4.8 Thermodynamic properties 

 

The thermodynamic parameters supply helpful and extra information about the title 

molecule. The values of some thermodynamic parameters (such as zero-point vibrational energy, 

thermal energy, specific heat capacity, rotational constants and entropy) of 4MNBO by B3LYP 

method with  6–311G(d,p) and 6–311++G(d,p) basis sets and listed in Table 6. The ZPVE was 

lower in the B3LYP/6–311++G(d,p) than by  B3LYP/6–311G(d,p) method. The calculated 

values of ZPVE of 4MNBO were 170.5820 kcal/mol and 170.3766 kJ/mol obtained by B3LYP 

with 6–311G(d,p) and 6–311++G(d,p)  basis sets respectively. The direction of the dipole 

moment vector in a molecule depends on the centers of positive and negative charges. Dipole 

moments were strictly determined for neutral molecules. For charged systems, its value depends 

on the choice of origin and molecular orientation.  As a result of DFT/B3LYP calculations, 6–

311++G(d,p) basis set predicts the dipole moment larger than  6–311G(d,p) basis set.  

 

The temperature dependence of the thermodynamic properties heat capacity at constant 

volume (C0
p,m), entropy (S0

m) and enthalpy (H0
m) for the title compound were also determined by 

B3LYP/6-311++G(d, p) method and were listed in Table 7. It can be observed that these 

thermodynamic functions were increasing with temperature ranging from 100 to 1000 K due to 

the fact that the molecular vibrational intensities increase with temperature [43].  
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The correlation equations between heat capacity, entropy, enthalpy changes and 

temperatures were fitted by quadratic formulas and the corresponding fitting factors (R2) for 

these thermodynamic properties were 0.9988, 0.9999 and 0.9994 respectively. The 

corresponding fitting equations were as follows and the correlations graphs were showed in Fig. 

8. 

 

C0
p,m = 15.8423 + 0.96217T – 3.7099 × 10-4T2      (R2= 0.9988) 

S0
m = 268.6673 + 1.0368T – 2.2068 × 10-4T2    (R2 =0.9999) 

H0
m = - 9.4030 + 0.1077T + 2.8022 × 10-4T2    (R2 =0.9994) 

 

All the thermodynamic data supply helpful information for the further study on the 

4MNBO. They can be used to compute the other thermodynamic energies according to 

relationship of thermodynamic functions and estimate the directions of chemical reactions 

according to the second law of thermodynamics in thermochemical field [44]. It must be noticed 

that all thermodynamic calculations were done in gas phase and they could not be used in 

solution. 

 

Conclusion 

 

The experimental and theoretical vibrational analysis of 4MNBO has been performed. 

The molecular geometry and vibrational wavenumber of the molecule in the ground state have 

been calculated by DFT/B3LYP with 6–311G(d,p) and 6–311++G(d,p) basis sets. On the basis 

of the experimental results and the PED calculations, assignments of all the fundamental 

vibrational frequencies were done. The computed optimized geometry values were compared 

with the experimental data. The observed and the calculated frequencies have been in fairly 

agreement. The intermolecular contacts have been interpreted by NBO and NLMO analysis. The 

natural atomic charge of the title molecule were determined and analyzed. The HOMO and 

LUMO orbital’s have been visualized. The temperature dependence of thermodynamic 

parameters in the range of 100–1000 K have been determined and found that all thermodynamic 

properties increase with rise in temperature.  
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The UV–Vis spectrum have been measured in methanol solution and have been 

compared with the theoretical values in the gas phase and in methanol environment using TD–

DFT/ B3LYP/6–311++G(d,p) basis set. The MESP surface showed that the most electrophilic 

sites were on electronegative atoms as well as the most nucleophilic sites were around the 

hydrogen atoms. 
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Fig. 1. Structure of 4MNBO. 
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Fig. 2. Experimental and simulated FT–IR spectra of 4MNBO. 



  

21 

 

 

 

Fig. 3. Experimental and simulated FT–Raman spectra of 4MNBO. 
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Fig. 4. Natural charge distribution in 4MNBO. 
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Fig. 5. Observed UV–Visible spectrum of 4MNBO. 
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Fig. 6. HOMO and LUMO plots of 4MNBO. 
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Fig. 7. Molecular electrostatic potential surface of 4MNBO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

26 

 

 

 

Fig. 8. Thermodynamic properties of 4MNBO. 
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Table 1 

Optimized geometrical parameters of 4MNBO.  

Parameter B3LYP/6–311G(d,p) B3LYP/6–311++G(d,p) Experimental 

Bond   length (Å)    
C1-C2 1.5188 1.5177     1.5076 

C1-H18 1.0892 1.0894 

C1-H19 1.0940 1.0936 

C1-H20 1.0950 1.0955 

C2-C3 1.5235 1.5224     1.5092 

C2-O5 1.2103 1.2121 1.2030 

C3-C4 1.5350 1.5350 1.5177 

C3-H21 1.0972 1.0972 

C3-H22 1.0977 1.0980 

C4-C7 1.5114 1.5119 1.4950 

C4-H23 1.0922 1.0921 

C4-H24 1.0942 1.0943 

C6-C7 1.3761 1.3766 1.3692 

C6-C15 1.4199 1.4205 1.4172 

C6-H25 1.0865 1.0866 

C7-C8 1.4235 1.4238 1.4204 

C8-C9 1.3708 1.3717 1.3611 

C8-H26 1.0860 1.0860 

C9-C10 1.4222 1.4226 1.4190 

C9-H27 1.0851 1.0851 

C10-C11 1.4113 1.4120 1.4146 

C10-C15 1.4310 1.4309 1.4231 

C11-C12 1.3808 1.3806 1.3768 

C11-H28 1.0839 1.0840 

C12-C13 1.4173 1.4171 1.4162 

C12-O16 1.3658 1.3675 1.3611 

C13-C14 1.3762 1.3771 1.3738 

C13-H29 1.0817 1.0817 

C14-C15 1.4146 1.4149 1.4161 
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C14-H30 1.0851 1.0852 

O16-C17 1.4201 1.4209 1.4190 

C17-H31 1.0889 1.0889 

C17-H32 1.0959 1.0955 

C17-H33 1.0958 1.0955 
Bond   angle (˚) 

C2-C1-H18 109.6715 109.9740 

C2-C1-H19 110.9622 111.3263 

C2-C1-H20 109.8774 109.2705 

H18-C1-H19 109.9729 110.1883 

H18-C1-H20 109.3140 108.9670 

H19-C1-H20 106.9952 107.0390 

C1-C2-C3 116.3514 116.2757 116.2500 

C1-C2-O5 121.6599 121.5908 121.5300 

C3-C2-O5 121.9886 122.1326 122.2100 

C2-C3-C4 113.8089 114.2063 113.9800 

C2-C3-H21 108.4576 108.3154 

C2-C3-H22 107.9012 107.5087 

C4-C3-H21 111.0436 111.1581 

C4-C3-H22 110.2920 110.3076 

H21-C3-H22 104.9066 104.8610 

C3-C4-C7 112.6235 112.5892 112.8200 

C3-C4-H23 108.8343 108.9349 

C3-C4-H24 108.7968 108.8728 

C7-C4-H23 110.1929 110.0930 

C7-C4-H24 110.1765 110.0912 

H23-C4-H24 105.9848 106.0367 

C7-C6-C15 121.8695 121.8733 121.4900 

C7-C6-H25 119.7657 119.7852 

C15-C6-H25 118.3640 118.3406 

C4-C7-C6 121.5861 121.5861 121.1000 

C4-C7-C8 120.1106 120.1361 120.5400 

C6-C7-C8 118.2958 118.2726 118.6400 

C7-C8-C9 121.5925 121.6015 121.2800 
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C7-C8-H26 118.8940 118.9608 

C9-C8-H26 119.5105 119.4342 

C8-C9-C10 120.9132 120.9102 120.7200 

C8-C9-H27 120.2672 120.2172 

C10-C9-H27 118.8182 118.8710 

C9-C10-C11 122.4712 122.4391 121.6400 

C9-C10-C15 118.0617 118.0514 118.3200 

C11-C10-C15 119.4664 119.5087 119.6100 

C10-C11-C12 120.9179 120.8322 120.6500 

C10-C11-H28 120.3975 120.2701 

C12-C11-H28 118.6846 118.8977 

C11-C12-C13 119.8901 119.9889 120.2600 

C11-C12-O16 116.3948 116.4555 114.1300 

C13-C12-O16 123.7151 123.5556 125.1500 

C12-C13-C14 119.9744 119.9328 120.0400 

C12-C13-H29 120.5489 120.6142 

C14-C13-H29 119.4767 119.4530 

C13-C14-C15 121.5867 121.5669 120.7300 

C13-C14-H30 119.4892 119.4552 

C15-C14-H30 118.9240 118.9780 

C6-C15-C10 119.2661 119.2898 119.3600 

C6-C15-C14 122.5695 122.5394 121.8000 

C10-C15-C14 118.1643 118.1705 118.6000 

C12-O16-C17 118.9503 119.0433 117.1100 

O16-C17-H31 105.7195 105.7397 

O16-C17-H32 111.7082 111.5842 

O16-C17-H33 111.7145 111.5825 

H31-C17-H32 109.0974 109.1633 

H31-C17-H33 109.1003 109.1728 

H32-C17-H33 109.3888 109.4912 
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Table 2      

Vibrational band assignments of 4MNBO. 

Mode Experimental  Calculated wavenumber (cm−1)  Vibrational band     

no wavenumber (cm−1) 
B3LYP/ 

6–311G(d,p) 
B3LYP/ 

6–311++G(d,p) Assignment (% PED) 

 
υ(IR) υ(Raman) Un scaled Scaled Un scaled Scaled 

 
1 

 
3096vw 3203 3091 3204 3091 υCH(100) 

2 
 

3079vw 3183 3072 3182 3071 υCH(100) 

3 3057m 
 

3171 3061 3171 3060 υCH(100) 

4 
  

3164 3054 3164 3053 υCH(93) 

5 
  

3150 3040 3149 3039 υCH(95) 

6   3148 3038 3148 3038 υCH(93) 

7   3139 3030 3137 3027 υCH3(82) 

8 3011w  3131 3022 3132 3022 υCH3(92) 

9 
  

3089 2982 3089 2981 υCH2(71) 

10 
  

3086 2978 3086 2978 υCH2(53) 

11 2956s 
 

3057 2951 3062 2954 υCH2(70) 

12 2936m 2932vw 3046 2940 3044 2938 υCH2(64) 

13 
  

3037 2931 3036 2930 υCH2(63) 

14   3030 2924 3029 2923 υCH3(51) 

15 2905m  3012 2907 3010 2905 υCH2(63) 

16 2896m 2895vw 3000 2895 3003 2898 υCH3(47) 

17 1705vs 1704vw 1784 1722 1780 1718 υOC(91) 

18 1610vs 
 

1676 1617 1672 1614 υCC(27) 

19 
 

1575vw 1650 1593 1646 1589 υCC(29) 

20 
  

1604 1548 1602 1546 υCC(22) 

21 1484m 1485vw 1541 1488 1539 1485 υCC(40) 

22 1466m 1457vw 1520 1467 1517 1463 δHCC(25) 

23 1452m  1505 1453 1504 1452 δHCH(51) 

24 1441m 1442vw 1493 1441 1493 1441 δHCH(37) 

25 
  

1493 1441 1492 1440 δHCH(53)+τHCCC(13) 

26 
  

1479 1428 1477 1425 δHCH(29) 

27 
  

1478 1427 1476 1424 δHCH(29) 

28 1415m 1411vw 1467 1416 1466 1415 δHCH(40) 
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29 1386s 1386m 1452 1401 1450 1399 δHCH(74) 

30 
  

1448 1397 1445 1394 υCC(52) 

31 1362s 1355w 1409 1360 1408 1359 υCC(35) 

32 1343s  1396 1347 1394 1345 υCC(20)+δHCC(10) 

33 
  

1389 1340 1388 1340 δHCH(16) 

34 
  

1382 1334 1382 1333 δHCH(21)+τHCCC(21) 

35 
  

1374 1326 1373 1325 δHCH(13) 

36 1262vs 1271vw 1314 1269 1315 1269 δHCC(31)+τHCCC(31) 

37 
  

1304 1259 1302 1257 τHCCC(14) 

38 
  

1299 1253 1294 1249 υOC(31) 

39   1286 1241 1286 1241 δHCC(21) 

40 1227vs  1269 1225 1268 1223 υCC(31) 

41 1175s 1156vw 1208 1166 1206 1164 τHCOC(41) 

42 1153vs 
 

1195 1153 1194 1152 δHCC(16) 

43 
  

1186 1145 1185 1143 δHCC(19)+υOC(10) 

44 
  

1179 1138 1179 1138 δHCC(21) 

45 
  

1177 1136 1175 1134 υCC(10)+δOCC(13)+τHCCC(15) 

46 
  

1170 1130 1169 1128 υCC(11)+τHCOC(15) 

47   1170 1129 1166 1125 δHCH(14)+τHCOC(37) 

48 1119s  1157 1117 1157 1116 υCC(11)+δHCC(16) 

49 
 

1029vw 1067 1030 1065 1028 υOC(32) 

50 1027vs 
 

1065 1028 1064 1026 υOC(20) 

51 
  

1061 1024 1060 1023 υCC(49) 

52 947m 
 

980 946 979 945 τCCCC(11) 

53 932m 
 

973 939 975 941 τHCCC(42) 

54 
  

956 922 952 918 τCCCC(51) 

55 909w  952 919 951 918 υCC(17) 

56 894s 894vw 940 907 942 909 τHCCC(11) 

57 
  

914 882 912 880 τHCCC(16) 

58 
 

865vw 904 873 902 870 τHCCC(53) 

59 844vs 832vw 879 849 880 849 τHCCC(54) 

60 815s 
 

860 830 860 829 υCC(22) 

61 798m 795vw 828 799 827 798 δCCC(10) 

62 
  

814 785 812 784 υCC(13) 
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63 766w 766w 813 785 806 777 δHCC(27) 

64 736w 
 

768 741 766 739 υCC(14)+δCCC(10) 

65   765 738 759 733 γHCCC(12) 

66 694m 695vw 740 714 739 714 τHCCC(23) 

67 660m 
 

702 677 701 676 δCCC(18) 

68 
  

676 652 672 649 υCC(16)+γCCCC(12) 

69 610m 613vw 626 605 625 603 δCCC(10) 

70 574w 576vw 584 564 582 561 υCC(13)+δOCC(34) 

71 564w 
 

583 562 579 558 γOCCC(18)+γCCCC(11) 

72 525vw 525vw 539 521 538 520 υCC(71)+δCCC(12) 

73 507vw 508vw 524 506 523 505 δCOC(22) 

74 472vw  482 465 479 462 τCCCC(15)+γCCCC(11) 

75 
 

443vw 479 462 478 461 γOCCC(50) 

76 
 

429vw 443 428 443 427 δCCC(10)+τCCCC(11) 

77 
 

401vw 420 406 419 404 δCCC(16) 

78 
 

390vw 414 400 412 398 τCCCC(19) 

79 
 

362vw 370 358 370 357 δCOC(12) 

80 
  

336 325 334 323 δCOC(19)+τCOCO(19) 

81  274vw 286 276 286 276 δHCH(21)+δCOC(19)+δCCC(32) 

82  229vw 258 249 251 242 τHCOC(10)+τCCCC(10) 

83 
 

207vw 219 211 214 207 τCCCC(21)+γOCCC(12) 

84 
 

182vw 187 181 187 180 δOCC(34)+δCOC(10) 

85 
  

182 176 180 174 δCCC(25) 

86 
  

180 173 177 171 δCCC(16)+τOCCC(10) 

87 
 

103vs 120 116 117 113 δCCC(22)+τCOCC(14) 

88 
  

103 99 92 89 τHCCC(17)+τCCCC(13) 

89   71 68 73 70 τHCCC(19)+τCCCC(19) 

90   69 66 63 61 τCOCC(58) 

91 
  

40 39 40 38 τCCCC(10)+γCCCC(12) 

92 
  

28 27 28 27 τCCCC(46) 
93   23 23 22 21 τCCCC(44) 

        

m-medium; w-weak; s-strong; vw-very weak; vs-very strong;  υ-stretching;  δ-bending 

; γ-Out of plane bending; τ-torsion;  potential energy distribution (PED); 
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Table 3 

The Natural charge analysis of 4MNBO.   

Atoms Charges (eV) Atoms  Charges (eV) 

C1 -0.67238 H18 0.22980 

C2 0.54528 H19 0.21901 

C3 -0.46405 H20 0.22637 

C4 -0.40296 H21 0.21942 

O5 -0.538500 H22 0.22480 

C6 -0.15546 H23 0.21878 

C7 -0.04487 H24 0.21719 

C8 -0.19812 H25 0.20085 

C9 -0.17642 H26 0.20314 

C10 -0.04886 H27 0.20513 

C11 -0.21527 H28 0.21894 

C12 0.29794 H29 0.21368 

C13 -0.28203 H30 0.20448 

C14 -0.14046 H31 0.20156 

C15 -0.09030 H32 0.17356 

O16 -0.53440 H33 0.17405 

C17 -0.22989  
 

 

Table 4 

          Wavelength (nm), Oscillatory strength (f) and Energy (eV) of 4MNBO.  

Calculated with B3LYP/6–311++G(d,p) Exp 
Gas phase Water  Methanol 

λmax (nm) E (ev) f λmax (nm) E (ev) f λmax (nm) E (ev) f λmax (nm) 
317.14 3.9095 0.0524 317.45 3.9056 0.0707 317.51 3.9049 0.0705 318.80 
286.39 4.3292 0.0029 281.14 4.4100 0.0101 281.11 4.4074 0.0094 270.40 
279.79 4.4314 0.0093 279.38 4.4378 0.0049 279.21 4.4362 0.0056 261.00 
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Table 5 

HOMO, LUMO, HOMO–LUMO energy gap and physico-chemical properties of 4MNBO.  

Parameters (eV) B3LYP/6–311G(d,p) B3LYP/6–311++G(d,p) 
HOMO Energy 5.6200 5.7297 
LUMO Energy 1.2109 1.3470 
HOMO-LUMO 
Energy gap 4.4091 4.3827 
Ionization potential (I)  -5.6200 -5.7297 
Electron affinity (A)  -1.2109 -1.3470 
Global hardness (η)  -2.2045 -2.1913 
Global softness (S)  -0.4536 -0.4563 
Chemical potential (µ)  3.4154 3.5383 
Electrophilicity (ω)  -2.6457 2.8566 
Electro negativity (χ)   -3.4154 -3.5383 
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Table 6 

Calculated thermodynamic parameters of 4MNBO.  

Parameter B3LYP/6–311G(d,p) B3LYP/6–311++G(d,p) 
Zero-Point 
Vibrational Energy (kJ/mol) 170.5820 170.3766 
Rotational constant (GHz) 1.7014 1.7075 

0.1574 0.1572 
0.1517 0.1514 

Thermal Energy (kJ/mol) 
Total 180.7500 180.5870 
Translational 0.8890 0.8890 
Rotational 0.8890 0.8890 
Vibrational 178.9720 178.8090 

 Heat capacity constant (cal/mol-1 K-1) 
Total 60.8600 61.0150 
Translational 2.9810 2.9810 
Rotational 2.9810 2.9810 
Vibrational 54.8980 55.0530 

Entropy (cal/mol -1K-1 ) 
Total 133.9520 133.5650 
Translatioanal  42.1760 42.1760 
Rotational 33.3360 33.3360 
Vibrational 58.4390 58.0530 
Dipole moment (Debye) 
µx -1.8290 -1.8580 
µy -0.6061 -0.4154 
µz 2.4183 2.5344 
Total  3.0920 3.1699 
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Table 7 
 
Thermodynamic properties at different temperatures at B3LYP/6–311G++(d,p) level for 

4MNBO.  

 

T (K) S0
m  (cal mol-1 K-1) C0

p,m  (cal mol-1 K-1)  H0
m ∆H (k cal mol-1) 

100.00 367.55 117.65 7.92 
200.00 470.09 187.41 23.11 
298.15 558.95 263.60 45.20 
300.00 560.58 265.07 45.69 
400.00 647.51 341.86 76.09 
500.00 731.22 408.89 113.73 
600.00 810.83 464.35 157.48 
700.00 885.95 509.89 206.26 
800.00 956.57 547.64 259.20 
900.00 1022.96 579.29 315.59 

1000.00 1085.41 606.06 374.89 
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G R A P H I C A L   A B S T R A C T 
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H I G H L I G H T S  

� Spectroscopic properties were examined by UV, FT–IR and FT–Raman techniques. 

� HOMO–LUMO energy gap were theoretically predicted. 

� NBO and NLMO analysis of the title molecule were studied. 

� Molecular electrostatic potential distribution of the molecule was calculated. 

� The temperature dependence of the thermodynamic properties was investigated. 

 

 


